Eects of p53 expression on cell morphology and motility were studied using the derivatives of p53-null 10(1) mouse ®broblasts with tetracycline-regulated expression of exogenous human p53. Induction of p53 expression was accompanied by signi®cant decrease in extracellular matrix (®bronectin) and reduction of matrix ®brils, diminution of the number and size of focal contacts, decrease of cell areas, establishment of more elongated cell shape and alterations of actin cytoskeleton (actin bundles became thinner, their number and size decreased). Expression of His175 and Gln22/ Ser23 p53 mutants caused no such eects. To study the in¯uence of p53 expression on cell motility we used wound technique and videomicroscopy observation of single living cells. It was found that induction of p53 expression led to increase of lamellar activity of cell edge. However, in spite of enhanced lamellar activity p53-expressing cells migrated to shorter distance and ®lled the narrow wound in longer time as compared with their p53-null counterparts. Possible mechanisms of the in¯uence of p53 expression on cell morphology and motility are discussed. Oncogene (2000) 19, 5826 ± 5830.
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Keywords: p53; cell shape; motility; ®bronectin; focal contacts p53 tumor suppressor is a key component of a cellular emergency response mechanism integrating a variety of extra-and intra-cellular stress signals (such as DNA damage, metabolic changes, cold and heat shock, hypoxia and oxidative stress, cytoskeleton disintegration, loss of cell adhesion, growth factors de®ciency, viral infection, oncogene expression) into growth arrest or apoptosis (reviewed by Gottlieb and Oren, 1996; Giaccia and Kastan, 1998; Sherr, 1998; Ashcroft and Vousden, 1999; Jimenez et al., 1999) . Being a transcription factor p53 regulates expression of a set of genes whose products accounts for checkpoints operating in G1 (p21
) and G2 (p21
, gadd45, 14-3-3d), and the induction of apoptosis (bax, fas/ APO1, killer/DR5, IGF-BP3, cyclinG, PIG3, PAG608, etc.) (reviewed by el-Deiry, 1998; Amundson et al., 1998; Ko and Prives, 1996; Prives and Hall, 1999; Sionov and Haupt, 1999) . In addition, p53 can downregulate a number of genes including bcl2, a suppressor of apoptosis (Miyashita et al., 1994; Miyashita and Reed, 1995) . Thus, p53 performs an important homeostatic function in multicellular organisms by eliminating damaged or potentially dangerous cells.
The emerging evidences suggest that in addition to the control of cell cycle checkpoints, apoptosis and maintaining of genome integrity p53 can perform some other functions. In fact, p53 was reported to regulate transcription of a number of genes including those whose products mediate cell/matrix interactions and cell motility. In particular, p53 is able to trans-activate the genes coding for smooth muscle alpha-actin (Comer et al., 1998) , HGF/scatter factor (Metcalfe et al., 1997) , collagens IIa1 and Vla1, macrophage stimulating protein (Msp), plasminogen activator inhibitor PAl-1 (Zhao et al., 2000) , and down-regulate the expression of ®bronectin (lotsova and Stehelin, 1996) , VEGF (Mukhopadhyay et al., 1995) and metalloproteinase-1 (Sun et al., 1999) genes. Moreover, p53 can modulate cell shape, in particular to cause partial reversion of ras-induced morphological transformation of rodent ®broblasts and epitheliocytes (Gloushankova et al., 1997; Comer et al., 1998) .
In order to learn more on the role of p53 in control of cell morphology and/or motility we decided to investigate how p53 expression in¯uences morphometric parameters and migration ability of murine ®broblasts. For this purpose using previously described approach (Agapova et al., 1999) we developed the derivatives of p53-null immortalized ®broblasts (10(1) Oncogene (2000) 19, 5826 ± 5830 ã 2000 Macmillan Publishers Ltd All rights reserved 0950 ± 9232/00 $15.00 www.nature.com/onc Figure 1 Induction of p53 expression in 10(1)tet/p53-wt, 10(1)tet/p53-His175 and 10(1)tet/p53-Gln22/Ser23 cell lines as revealed by Western blot analysis. Nuclear protein lysates were tested with monoclonal antibodies speci®c to p53 (PAb421) or p21 WAF1 (clone F5) (both from Santa Cruz Biotechnology Inc.,). Withdrawal of tetracycline from the culture medium led to induction of p53 expression in all cell lines, however only cells expressing wt-p53, but not mutant p53 (His175 and Gln22/Ser23) showed up-regulation of p21 cell line (Harvey and Levine, 1991) ) with tetracyclinerepressible expression of either wildtype (wt) or mutant (His175, Gln22/Ser23) human p53 proteins. Withdrawal of tetracycline from the culture medium led to the signi®cant increase of exogenous p53 expression in all used cell lines as was revealed by Western blot ( WAF1 expression in 10(1) cells was accompanied by some inhibition of growth rate (the cell doubling time increased from 27 to 31 h) rather than by cell cycle arrest.
We noticed that changes in wt-p53 expression were accompanied by alterations in cell morphology. Figure 2 Eect of p53 expression on actin micro®laments bundles. Immuno¯uorescent staining for p53 (left column) and actin (right column) in 10(1)tet/p53-wt cell line. Cells preincubated for 2 days in the medium with or without tetracycline were plated onto coverslips and ®xed after additional incubation for 3 days in the media with or without tetracycline (upper and lower rows, respectively, the same ®elds of vision are presented). p53 was detected using monoclonal antibody PAb1801 (Santa Cruz Biotechnology Inc.). Actin micro®laments were stained by Oregon-Green phalloidin (Molecular Probes, Inc.). Induction of p53 expression was accompanied by a decrease in a number of actin bundles and a reduction of their size *Cell area, dispersion and elongation indices were determined according to Dunn and Brown (1986) . Brie¯y, the cell contours were drawn and input into computer by tracing on a digitizing table (Summasketch II, Summagraphics, UK). TRACER V.1.0 software (Copyright Dr A Brown) was used for treatment of pictures and calculations of cell shape characteristics. In each case 30 ± 40 cells were analysed Eect of p53 expression on ®bronectin production and distribution. p53 was stained as described above. Fibronectin was detected by staining with polyclonal antibodies to chicken ®bronectin (Sigma). p53-expressing cells unlike their p53-de®cient counterparts showed no formation of ®bronectin ®brils Figure 5 In¯uence of p53 expression on cell migration into the wound. Cells were plated onto coverslips and grown in the presence or absence of tetracycline for 3 days before the experiment. Wounds were done on con¯uent cell cultures by the pipette tip (arrow heads show the size of initial wound). After incubation for 24 h cells were ®xed and stained by Oregon-Green phalloidin. Expression of the p53-wt inhibited cell migration while mutant p53-Gln22/Ser23 showed no such eect
In the presence of 1 mg/ml tetracycline (no p53 expression) the cells in sparse cultures were well spread and demonstrated polygonal shape (Figure 2) . Induction of the wt-p53 expression by withdrawal of tetracycline led to a decrease of cell areas. The cells became more elongated, with a reduced area of lamellopodia ( Figure 2 , Table 1 ). To quantify these eects we used morphometric analysis according to the method of Dunn and Brown (1986) , which includes an estimation of cell area and two mathematical indices: dispersion and elongation. Elongation characterizes the level of cell stretch and orientation. Dispersion re¯ects the number of cell protrusions and grows up with an increase of their number and length. The morphometric analysis showed that the area of p53-expressing cells was threefold smaller than the area of their p53-de®cient counterparts (Table 1) . Also both dispersion and elongation of cells after induction of p53 expression were increased remarkably. Next we studied the in¯uence of p53 expression on distribution of actin as well as formation of focal contacts. We observed that in the presence of tetracycline that repressed p53 expression the cells exhibited a well-established system of actin bundles (Figure 2) . Induction of p53 expression led to reduction of this system: actin bundles became thinner, their number and size decreased (Figure 2) . Expression of p53 also aected focal contacts. Both vinculin (not shown) and paxillin staining demonstrated that tetracycline withdrawal resulted in shortening of focal adhesions and decrease in their number (Figure 3) .
The reduction of focal adhesions in p53-expressing cell culture was probably due to changes in organization of extracellular matrix. It was reported earlier that p53 is capable to repress ®bronectin gene transcription . The distance, covered by p53-null cells was 1.5-fold longer than that of the p53-expressing cells. The activity of lamellar cytoplasm on the leading edge of cells was counted as a relation of area of protrusion (or retraction) during 20 s to the length of measured edge according to the previously described method (Bershadsky et al., 1991) . Diagram of distribution of lamellar activities (lower panel) shows that protrusion-retraction activity of p53-expressing cells is signi®cantly higher than that of the cells with no p53 expression. However p53-null cells in spite of weak lamellar activity had positive vector of locomotion by yet unknown mechanism (Iotsova and Stehelin, 1996) . In agreement with this observation we have found a decrease in ®bronectin protein in 10(1) cells overexpressing p53. In the presence of tetracycline (no p53 expression) the cells developed a ®brillar pattern of ®bronectin matrix. After incubation for 3 days practically each cell even in sparse culture demonstrated a network of ®bronectin ®brils associated with focal contacts beneath the cell body (Figure 4) . Induction of p53 expression led to inhibition of ®brillar matrix formation. After 3 days of growth p53-expressing cells demonstrated ®bonectin staining of only some granules in endoplasm, however the ®brillar extracellular structures were not visible (Figure 4c,d) .
Next we examined how p53-induced changes in cell adhesion and cytoskeleton organization aect cell motility. Using wound technique (a scratch through cell layer) we have found that p53 expression inhibited migration of cells into the wound. To estimate cell migration we stained the culture by Hoechst #33258 (Polyscience, Warrington, PA) 24 h after wounding. The number of nuclei of cells migrated into the wound was counted. In three independent experiments we have found that in cultures with induced expression of p53 the number of cells migrated into a wound was 1.5 ± 1.9-fold lower than that observed in uninduced cultures ( Figure 5 ). This dierence could not be explained by dierent rates of cell proliferation since after addition of 5-bromodeoxyuridine (5-BrdU, 30 ng/ ml for 24 h) p53-expressing and p53-null cell cultures showed similar numbers of labeled nuclei on the wound borders (results not shown). Another argument supporting a suggestion that changes in p53 expression can really aect cell motility was obtained by examination of wounds after 6 h incubation with 5-BrdU. Although by this time the cells began to move into the wound, there were almost no cells stained by 5-BrdU.
Further con®rmation of the idea that induction of p53 expression is accompanied by alterations in cell motility was obtained by analysis of individual living cells using computer-enhanced video microscopy ( Figure 6 ). It was found that p53-expressing cells formed small protrusions and retractions more actively than their p53-de®cient counterparts. The average rates of protrusions and retractions were 2.7 and 3.3 mkm/ min, respectively for cells incubated in the presence of tetracycline and 1.8 and 0.75 mkm/min for cells without tetracycline. Thus, the cells overexpressing p53 demonstrated increased lamellar activity as compared with the p53-null cells. In spite of that, the real average distance covered by p53-positive cells for 4 h was less than that covered by p53-negative cells. Such paradoxical dierences can be explained by the eect of sliding of p53-expressing cells due to their inability to form eective focal contacts.
Thus we have found that restoration of p53 expression in murine p53-null immortalized ®broblasts results in, on one hand, alterations in cell shape, actin cytoskeleton and adhesion structures characteristic to so-called motile phenotype and, on the other hand, inhibition of cell motility probably as a result of reduction in amount and quality of ®bronectin matrix. It should be noted however that plating of the cells onto a ®bronectin-coated surface led to the improvement of the focal contacts system in both cultures without aecting the dierence between p53-null and p53-expressing cells in the cell shape as well as in the number and size of cell adhesions (data not shown). Therefore some additional factors such as changes in protein composition and maturation of cell contacts can contribute to the eects of p53 expression on cell adhesion and motility.
To answer the question what particular p53 functions are responsible for the above eects we studied 10(1) cell derivatives with a tetracyclinerepressible expression of p53 mutants, His175 and Gln22/Ser23. These mutants are defective in transcriptional up-regulation the p21 WAF1 (Figure 1 ) and other p53-responsive genes Venot et al., 1999; Ryan and Vousden, 1998) . On the other hand, the mutants retain the ability to repress gene transcription through TBP binding (Horikoshi et al., 1995 , Farmer et al., 1996 , but are defective (at least Gln22/Ser23) in p53-induced gene repression mediated by other mechanisms (Murphy et al., 1999; Yun et al., 1999) . We have found that expression of His175 and Gln22/Ser23 p53 mutants caused neither changes in cell shape (Table 1) , actin cytoskeleton, focal adhesions and ®bronectin matrix formation (Figure 7 ) nor alterations in ability to migrate into a wound ( Figure  5c ,d). Thus it seems that transcriptional activities of wild-type p53 are required to modulate cell shape and motility. At present we do not know however whether all of the observed eects are explained by p53-mediated repression of ®bronectin gene expression (Iotsova and Stehelin, 1995) or changes in expression of some other p53 target genes can also contribute to p53-induced alterations in cell shape and motility. Indeed, p53 was reported to trans-activate the genes encoding actin-a2, PTGF-b and others whose activity can aect cytoskeleton organization and cell migration (Comer et al., 1998; Tan et al., 2000; Zhao et al., 2000) .
Taken together our results demonstrate for the ®rst time that changes in expression of p53 tumor Figure 7 Expression of mutant p53-His175 does not aect actin distribution, cell adhesions as revealed by vinculin staining with monoclonal antibody (clone hVIN-1, Sigma Chemical Co.), and ®bronectin matrix formation suppressor can aect adhesion and motility of ®broblasts in vitro. The biological signi®cance of this eect, i.e. physiological role of such regulation in the organism as well as contribution of the loss of p53 activity to invasiveness of tumor cells remain to be established.
